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Abstract 
Aims: In patients with type 2 diabetes (T2D), responsiveness of serum lipid concentrations to dietary patterns may 
vary by genotype. The aims of the present study were to identify explorative dietary patterns and to examine their 
independent associations with serum lipid levels and interactions with apolipoprotein (Apo)A5 and ApoE variants 
among patients recently diagnosed with T2D.
Methods: Within a cross-sectional analysis, participants of the German Diabetes Study (n = 348) with mean T2D 
duration of 6 months were investigated for fasting serum lipid levels, ApoA5 and ApoE genotypes; food consumption 
frequencies were assessed by a food propensity questionnaire. Dietary patterns were derived using principal com-
ponent analysis (PCA) and reduced rank regression (RRR), which extracts patterns explaining variation in serum lipid 
concentrations.
Results: PCA yielded interpretable dietary patterns which were, however, not related to serum lipid levels. Relevance 
of the RRR patterns varied by genotype: a preferred consumption of fruit gum, fruit juice, and potato dumpling, whilst 
avoiding fruits and vegetables independently associated with higher triglyceride levels among ApoA5*2. Patients in 
the highest compared to the lowest tertile of pattern adherence had 99 % higher triglycerides. Lower consumption 
frequencies of butter, cream cake, French fries, or high-percentage alcoholic beverages were independently related 
to lower LDL-cholesterol among ApoE2 carriers, with those in the highest compared to the lowest tertile of pattern 
adherence having 40 % lower LDL-cholesterol (both Pinteraction < 0.05).
Conclusions: Our explorative data analyses suggest that associations of dietary patterns with triglycerides and LDL-
cholesterol differ by ApoA5 and ApoE haplotype in recently diagnosed T2D.
Trial registration Clinicaltrials.gov: NCT01055093. Date of registration: January 22, 2010 (retrospectively registered). 
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Background
Patients with type 2 diabetes (T2D) have a high risk for 
developing cardiovascular disease (CVD) [1]. Lifestyle 
modification including nutrition intervention, weight 
loss, and increased physical activity may allow some T2D 
patients to reduce their individual CVD risk by improv-
ing serum lipid profiles [1]. Current dietary recommen-
dations for individuals who would benefit from lowering 
their LDL-cholesterol, irrespective of whether they are 
suffering from diabetes, focus on a dietary pattern that 
emphasizes intake of vegetables, fruits, whole-grains, leg-
umes, and nuts, that includes low-fat dairy products and 
seafood, and limits intake of red meats, sweets, and sugar 
sweetened beverages [2]. The most common pattern of 
dyslipidemia in patients with T2D is characterized by 
elevated triglycerides and reduced HDL-cholesterol lev-
els [1]. However, evidence on dietary interventions which 
effectively treat this combination of disturbed serum 
lipids in patients with T2D, especially in those who are 
recently diagnosed, is uncertain.
The response of serum lipids to diet shows large 
interindividual variation [3], which might be caused by 
genes whose products affect lipoprotein metabolism 
(e.g. apolipoprotein (Apo)E and ApoA5) [4, 5]. In the 
general population of European ancestry, three ApoE 
(i.e. ApoE2, ApoE3, ApoE4) and ApoA5 (i.e. ApoA5*1, 
ApoA5*2, ApoA5*3) gene polymorphisms were identified 
[6, 7]. ApoE2 is associated with reduced and ApoE4 with 
increased LDL-cholesterol levels and CVD risk when 
compared to ApoE3 [8]. Increased CVD risk due to ele-
vated serum triglyceride concentrations is also present in 
ApoA5*2 and ApoA5*3 compared to ApoA5*1 [4, 7, 9]. 
However, little is known, whether this also applies to T2D 
patients.
In terms of potential gene-diet interactions, the major-
ity of studies have explored interactions with single nutri-
ents, especially dietary fat, fatty acids, and cholesterol 
rather than considering the effect of dietary patterns. 
Furthermore, evidence for individuals with T2D is scarce 
[10, 11]. Generally, people do not consume isolated nutri-
ents or foods, but complex combinations of foods which 
may act interactively or synergistically [12]. Explorative 
dietary patterns analyses, i.e. principal component analy-
sis (PCA) and reduced rank regression (RRR), and exami-
nation of interactions between these dietary patterns, and 
ApoA5 and ApoE variants on serum lipids will therefore 
provide insights into diet-disease relations. PCA extracts 
dietary patterns which explain maximal variation in food 
intake [12], whereas RRR dietary patterns explain maxi-
mal variation in serum lipid concentrations [13].
Thus, this study aimed to identify explorative dietary 
patterns derived by PCA and RRR in patients recently 
diagnosed with T2D, to examine the relevance of these 
dietary patterns for serum lipid concentrations, and to 
investigate whether associations of dietary patterns with 




The German Diabetes Study (GDS; clinicaltrials.gov: 
NCT01055093) is an ongoing prospective observational 
cohort study, which has been described before [14]. 
Briefly, the study was started in 09/2005 and investigates 
the natural history of diabetes and the development of 
diabetes-associated complications. Patients between 18 
and 69 years are included if they have a known diabetes 
duration  <12  months. Patients are intensively pheno-
typed at study inclusion and followed up every 5  years 
for at least 20  years with annual telephone interviews 
in-between [14]. The study was approved by the ethics 
committee of the Heinrich-Heine-University Düsseldorf, 
Germany, and is performed according to the Declara-
tion of Helsinki. Patients are recruited by advertisement 
or referred to the German Diabetes Center by diabetolo-
gists or general practitioners. Patients give their written 
informed consent before study participation. For the pre-
sent cross-sectional data analysis, patients were included 
if they had been enrolled between 06/2005 and 07/2012 
and met the following criteria: (1) T2D; (2) genotyped 
for ApoE and ApoA5; (3) provided food consumption 
frequencies at baseline; (4) provided fasting serum lipid 
concentrations at baseline, anthropometric measure-
ments, fasting blood glucose, fasting C-peptide, fasting 
insulin, and parameters of socio-economic status (SES) at 
baseline; (5) had stopped oral glucose-lowering medica-
tion for 3 days and/or applied their last insulin dose the 
evening before the examination day (Fig. 1).
With respect to variables included in the present 
analysis, anthropometric measurements, laboratory 
parameters, and questionnaires on food consumption 
frequencies and SES had been collected and measured 
consecutively during the baseline examination day of 
each patient. Genomic DNA was extracted from whole 
blood samples and stored at −80 °C. Specifically for this 
analysis, ApoA5 and ApoE genotyping and PCA and RRR 
dietary pattern extraction was newly conducted.
Anthropometry
Body mass index (BMI), waist circumference, and waist-
to-hip ratio (WHR) were derived as described before [14, 
15].
Food consumption frequencies
Habitual food consumption frequencies during the 
last 4  weeks to 3  months before the examination were 
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assessed using a qualitative food propensity questionnaire 
(FPQ) [16, 17]. Foods and food groups being typically 
consumed in Germany were included. The 85 food items 
of the FPQ cover the following food groups: meat/meat 
products, fish/seafood, eggs/egg-based dishes, milk/dairy 
products, sweets, bread/pastry/cereals, nuts/seeds, salty 
snacks, fats, soup/stew, sauces/condiments, fruits, vegeta-
bles/legumes, potatoes/potato dishes, non-alcoholic bev-
erages, and alcoholic beverages. The frequency of intake 
was assessed in six categories: i.e. never/very seldom; 
1–3 times per month; 1–2 times per week; 3–6 times per 
week; 1 time per day; >1 time per day [16, 17].
Dietary patterns
Empirically derived dietary patterns were extracted using 
PCA and RRR. PCA reduces the number of observed 
variables (i.e. food groups) into a smaller number of prin-
cipal components (i.e. dietary patterns), which explain 
maximal predictor variation (i.e. food intake) [12, 13, 18]. 
RRR determines linear functions of predictors (i.e. die-
tary patterns) by maximizing the explained variance in 
response variables (i.e. serum concentrations of triglyc-
erides, HDL-, LDL-cholesterol) [13]. Of note, RRR but 
not PCA patterns predict health-related outcomes [13]. 
Before PCA and RRR analyses, food consumption fre-
quencies from the FPQ were transformed to sex-specific 
standard normal scores (mean = 0, SD = 1).
PCA analyses were conducted with the PROC FAC-
TOR procedure in SAS using the standardized con-
sumption frequencies. Three factors were retained 
based on the following criteria: eigenvalue-one crite-
rion, scree test, and interpretability of the derived die-
tary patterns (e.g. if at least three food groups loaded 
high on each factor). Factors were rotated by an orthog-
onal transformation and food groups with absolute fac-
tor loadings ≥0.4 were considered as contributing to a 
pattern [18]. Individual factor scores were calculated 
according to the approach of simplified pattern, which 
reduces population dependency of the dietary patterns 
[18, 19].
RRR analyses were performed using the RRR option in 
the SAS procedure PLS [13]. Transformed standardized 
396 Patients with type 2 diabetes were enrolled between 06/2005 and 07/2012
1 Excluded du to missing data for food consumption frequencies
8 Excluded due to missing data for serum lipid concentrations 
(triglycerides, HDL-cholesterol, LDL-cholesterol)
348 Patients with type 2 diabetes who were genotyped for ApoE and ApoA5 
and had complete data sets for all variables of interest
7 ApoE2/4 genotypes excluded
341 Included in analyses for diet-lipid-
ApoE interactions
5 ApoA5*amb genotypes excluded
343 Patients included in analyses for diet-
lipid-ApoA5 interactions
13 Excluded due to missing data for waist circumference, fasting 
blood glucose, fasting C-peptide, and fasting insulin
2 Excluded due to missing data for socio-economic variables 
24 Excluded du to missing genotype data for ApoE and ApoA5
Fig. 1 Flow diagram showing the number of patients included in the analyses from those enrolled in the German Diabetes Study
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consumption frequencies were used as predictor vari-
ables. Response variables were serum concentrations 
of triglycerides, HDL-, and LDL-cholesterol. Triglycer-
ides were log-transformed to improve normality. Three 
factors were extracted as the number of factors always 
equals the number of response variables. According to 
previous research, all food groups with absolute factor 
loadings ≥0.2 were included [13, 20]. Individual RRR fac-
tor scores were again calculated according to the simpli-
fied pattern approach [19, 20].
Genotyping
Genomic DNA was extracted from whole blood using the 
blood extraction kit (Qiagen, Hilden, Germany). ApoE and 
ApoA5 genotyping was conducted using real-time poly-
merase chain reaction based allelic discrimination accord-
ing to manufacturers’ recommendations with probe based 
genotyping assays for the SNPs rs429258, rs7412, rs662799, 
and rs3135506 (Life Technologies, Darmstadt, Germany). 
The genotype concordance of  >99.9  % was determined 
using TaqMan Genotyper software v.1.3 (Life Technolo-
gies). Resequencing of 1 % of randomly chosen individuals 
was conducted for data validation and quality management 
which confirmed the genotyping results to 100  %. ApoE 
genotypes were classified into three haplotypes, i.e. ApoE2 
(E2/E2, E2/E3; rs429258: TT, rs7412: TT/CT), ApoE3 
(E3/E3; rs429258: TT, rs7412: CC), ApoE4 (E3/E4, E4/E4; 
rs429258: CT/CC, rs7412: CC). ApoA5 haplotypes were 
combined as ApoA5*1 (rs662799: AA, rs3135506: GG), 
ApoA5*2 (rs662799: AG/GG, rs3135506: GG/CG), and 
ApoA5*3 (rs662799: AA, rs3135506: CG) as previously 
reported [6, 7, 21, 22]. Patients with the ApoE2/4 (rs429258: 
CT, rs7412: CT) (n = 7) and rare other ApoA5 combina-
tions, i.e. ApoA5*amb (n  =  5) genotype, were excluded 
from the analyses due to small sample sizes (Fig. 1).
Laboratory analyses
Biospecimen handling and laboratory analyses of fast-
ing blood glucose, fasting C-peptide, fasting insulin, 
and HbA1c were described in detail elsewhere [14, 15]. 
Serum concentrations of triglycerides, HDL-, and LDL-
cholesterol were measured on a Hitachi 912 analyzer 
(Roche Diagnostics, Mannheim, Germany) and a cobas 
c311 (Roche Diagnostics, Mannheim, Germany) [14]. 
To allow comparability of these methods, serum lipid 
levels used for analysis were adjusted for the laboratory 
method. Homeostasis Model Assessment (HOMA) for 
insulin resistance (HOMA-IR) and beta-cell function 
(HOMA-B) were calculated as described before [23]. As 
HOMA-IR and HOMA-B are calculated using fasting 
insulin concentration and as participants applied their 
last insulin dose the evening before the examination day, 
patients treated with intermediate- or long-acting insulin 
(n = 21) were excluded from HOMA analyses.
Socio‑economic status
Standardized questionnaires were used to assess param-
eters of SES. As single dimensions of the SES, highest 
school-leaving qualification, current employment status, 
and current/former employment position were consid-
ered [24, 25].
Statistical analyses
SAS (version 9.4; SAS Institute, Cary, NC) procedures 
were used for data analyses.
Regression models with dietary patterns
PCA and RRR factors were used as independent predic-
tors in multiple linear regression models with serum lipid 
levels (triglycerides, HDL-, LDL-cholesterol) as depend-
ent variables. Dietary patterns were additionally related 
to further dependent variables, i.e. BMI, WHR, fasting 
blood glucose, fasting C-peptide, HbA1c, HOMA-IR, 
and HOMA-B, to explore their overall interpretability. 
Adjusted means of the dependent variables were calcu-
lated by tertiles of the PCA and RRR dietary patterns 
to obtain intuitive values for presentation and to bet-
ter illustrate the effect sizes [20]. Triglycerides, fasting 
C-peptide, HOMA-IR, and HOMA-B were log-trans-
formed prior to analysis to improve normality and back 
transformed (yielding geometric means and their cor-
responding 95  % confidence interval) for presentation 
in tables and figures. Multiple linear regression analyses 
with continuous pattern scores as independent variables 
were used to calculate P-values for a linear trend.
The basic model (model 1) presents unadjusted data. 
For the adjusted model (model 2), the following covari-
ates were considered as potentially confounding the asso-
ciation of dietary patterns with serum lipid levels and 
parameters of metabolic control: age, sex, BMI, diabetes 
duration, type of glucose-lowering medication [diet/oral 
glucose-lowering medication/insulin  +  oral glucose-
lowering medication/insulin], lipid-lowering medication 
[yes/no]. For model 3, parameters of SES, i.e. current 
employment status, highest school-leaving qualification, 
and current/former employment position, were addition-
ally considered. Variables were initially tested separately 
and only included in the model if they modified regres-
sion coefficients of the pattern scores in the unadjusted 
models (>10  %), improved the coefficient of determina-
tion (>5  %), or significantly predicted the dependent 
variable. To ensure comparability between models of 
the same dependent variable, we included all confound-
ers which met the above mentioned criteria in any of the 
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models to investigate the association of dietary patterns 
with this respective dependent variable.
Interaction effects between dietary patterns and genotype 
on serum lipid concentrations
Interactions of the RRR dietary patterns and haplotypes 
of ApoA5 and ApoE on serum lipid concentrations were 
tested using multiple linear regression analysis. Models 
were adjusted for the respective confounders of model 3 
as described above.
Multiple testing
Because of the large number of analyses and the problem 
of multiple testing, Bonferroni correction was applied 
individually for each set of analyses using P  <  0.05/m 
as significance level, with m indicating the number of 
dependent variables to be analyzed: associations of die-
tary patterns with primary outcome variables (m  =  3: 
triglycerides, HDL-, LDL-cholesterol) and associa-
tions of dietary patterns with secondary outcome vari-
ables (m  =  8: BMI, WHR, waist circumference, fasting 
blood glucose, fasting C-peptide, HOMA-IR, HOMA-B, 
HbA1c). For interaction effects of dietary patterns and 
genotype on serum lipid levels, haplotype-specific P-val-
ues for associations between continuous pattern scores 
and serum lipids were only tested if interactions were 
significant. For these analyses, Bonferroni correction 
was thus applied for the number of haplotypes (m =  3: 
ApoA5*1, ApoA5*2, ApoA5*3 and ApoE2, ApoE3, 
ApoE4, respectively). P < 0.05/m was considered statisti-
cally significant.
Statistical power considerations
Power and sample size analyses were conducted with the 
PROC POWER procedure for multiple linear regression 
in SAS [26]. A sample size of n  =  348 ensures that an 
association between serum concentrations of triglycer-
ides, HDL-cholesterol, and LDL-cholesterol and explora-
tive dietary patterns can be detected with a power of 
80 % if the corresponding partial correlation adjusted for 
up to eight potential confounders is greater than or equal 
to 0.15.
Results
A total of 348 individuals with T2D, mean diabetes dura-
tion of 6  months and good glycemic control on average 
(Table  1), who were enrolled consecutively in the study 
between 06/2005 and 07/2012 were included in the analy-
ses (Fig. 1). General characteristics of the patients, diabe-
tes-related parameters, genotype, and parameters of SES 
are given in Table  1. Allelic and genotypic frequencies 
for rs662799, rs3135506 (ApoA5) and rs429258, rs7412 
(ApoE) are provided in Additional file 1: Table S1.
Three food preference patterns resulted from PCA. 
PCA pattern 1 was characterized by the frequent con-
sumption of sweets, cake, snacks, fast food, white bread, 
caloric beverages, and sausages, while pattern 2 was dom-
inated by high consumption frequencies of vegetables, 
herbs, legumes, nuts and seeds, oil, and (sparkling) wine. 
PCA pattern 3 was characterized by frequent consump-
tion of low-fat cheese (e.g. Harz, Limburger, Mainz), 
cottage cheese (<10  % fat), dairy (≤1.5  % fat), semi-fat 
margarine, and whole-grain bread, whilst avoiding cheese 
with higher fat content (e.g. Gouda, Edam, Tilsiter) 
(Table 2). PCA patterns did not independently associate 
with serum lipid levels (Table 3), however, closer adher-
ence, i.e. higher scores in PCA pattern 1 independently 
associated with higher fasting C-peptide concentrations 
and lower insulin sensitivity (Additional file 1: Table S2).
The RRR patterns were more difficult to summarize 
due to less cohesive combinations of food items. RRR 
pattern 1 was characterized by high consumption fre-
quencies of fruit gum, fruit juice, and potato dumpling, 
but low frequencies of fruits and vegetables. RRR pattern 
2 was dominated by high consumption frequencies of 
coffee and boiled potatoes, but low frequencies of marga-
rine, egg noodles, and tea. Low consumption frequencies 
of butter, cream cake, French fries, and high-percentage 
alcoholic beverages determined RRR pattern 3. All RRR 
patterns explained highest variance in LDL-cholesterol, 
followed by triglycerides and HDL-cholesterol (Table 2). 
After adjustment for potential confounders (including 
parameters of SES), associations of the RRR patterns with 
serum lipid levels, i.e. the response variables for which 
they were derived, were largely maintained: Participants 
in the highest compared to the lowest tertile of adher-
ence to RRR pattern 1 had 23 % higher triglyceride and 
19  % higher LDL-cholesterol levels after adjustment for 
potential confounders. Higher adherence to RRR pat-
tern 2 independently associated with lower triglyceride, 
higher HDL-, and higher LDL-cholesterol concentrations 
(differences between tertile (T) 1 and T3: −23 %, +9 %, 
and +9 %, respectively). Closer adherence to RRR pattern 
3 independently related to higher HDL-cholesterol levels 
(differences between T1 and T3: 9 %) (Fig. 2).
Additionally, adherence to RRR pattern 1 was directly 
and independently related to fasting blood glucose, fast-
ing C-peptide, and HOMA-IR, whereas independent 
inverse associations were observed for RRR pattern 2 
with fasting C-peptide and HOMA-IR (Additional file 1: 
Table S3).
Interactions between RRR patterns and serum lipid lev-
els by haplotypes were observed for RRR pattern 1 with 
triglycerides among ApoA5 haplotypes and for RRR pat-
tern 3 with LDL-cholesterol in ApoE haplotypes. Among 
ApoA5*2 carriers, RRR pattern 1 was directly and 
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independently associated with triglyceride levels (differ-
ences between T1 and T3 in the adjusted model: +99 %), 
whereas this association was not present in ApoA5*1 and 
ApoA5*3, respectively (Pinteraction =  0.027) (Fig.  3a). The 
independent association between RRR pattern 3 with 
LDL-cholesterol was confined to ApoE2 carriers (Pinterac-
tion = 0.014); ApoE2 carriers in the highest compared to 
the lowest tertile of pattern adherence had 40  % lower 
LDL-cholesterol levels (Fig. 3b).
Discussion
This study provides evidence for a role of ApoA5 and 
ApoE genotypes in responsiveness of serum lipid lev-
els to RRR derived dietary patterns in patients with 
recently diagnosed T2D. Preferred consumption of fruit 
gum, fruit juice, and potato dumpling, whilst avoiding 
fruits and vegetables (RRR pattern 1) appeared to be 
particularly detrimental for serum triglyceride levels of 
ApoA5*2 carriers. ApoE2 carriers with a closer adher-
ence to the dietary pattern characterized by low con-
sumption frequencies of butter, cream cake, French fries, 
and high-percentage alcoholic beverages (RRR pattern 3) 
showed lower LDL-cholesterol levels.
The allele distribution of ApoA5 and ApoE in our 
cohort was similar to that reported for other populations 
of European ancestry [7, 22]. Dietary patterns derived by 
PCA only accounted for 3–7  % of the total variance in 
food consumption frequencies which is, however, compa-
rable to previous findings from a cohort of healthy indi-
viduals and a population-based sample including patients 
with diabetes [27, 28]. PCA patterns were interpretable, 
but did not independently relate to serum lipid levels. 
A closer adherence to PCA pattern 1 was nonetheless 
associated with poorer glucose homeostasis, i.e. higher 
Table 1 Characteristics of type 2 diabetes patients
Data are n (%), mean (SD) or median (P25; P75)
* Based on n = 327 patients with type 2 diabetes due to exclusion of those treated with intermediate- or long-acting insulin
Variables
General traits
N (% male) 348 (64 %)
Age (years) 52.6 (10.9)
BMI (kg/m2) 31.6 (6.2)
Waist-to-hip ratio 0.96 (0.08)
Waist circumference (cm) 105 (15)
Diabetes-related parameters
Duration since diagnosis of diabetes (months) 6.1 (3.2)
Glucose-lowering medication (diet/oral glucose-lowering medication/ 
insulin + oral glucose-lowering medication/insulin)
164 (47 %)/157 (45 %)/17 (5 %)/10 (3 %)
HbA1c (%) 6.4 (1.0)
Fasting blood glucose (mg/dl) 126 (28)
Fasting C-peptide (ng/ml) 2.9 (2.2; 4.0)
HOMA-IR* 3.8 (2.5; 5.7)
HOMA-B (%)* 76.1 (50.1; 120.8)
Serum lipids
Lipid-lowering medication (yes/no) 73 (21 %)/275 (79 %)
Triglycerides (mg/dl) 126 (91; 185)
LDL-cholesterol (mg/dl) 127 (37)
HDL-cholesterol (mg/dl) 47.9 (12.2)
Genotype
ApoA5 haplotype (ApoA5*1/ApoA5*2/ApoA5*3/ApoA5*amb) 251 (72 %)/45 (13 %)/47 (14 %)/5 (1 %)
ApoE haplotype (ApoE2-expressing/ApoE3-expressing/ApoE4-expressing/
ApoE2/4)
56 (16 %)/205 (59 %)/80 (23 %)/7 (2 %)
Socio-economic status
Current employment status (employed/unemployed) 227 (65 %)/121 (35 %)
Highest school-leaving qualification (“Hauptschule”/”Realschule”/Polytechnic 
Secondary School/”Fachhochschulreife”/”Abitur”/no school-leaving certificate/
others)
126 (36 %)/80 (23 %)/5 (1 %)/40 (11 %)/85 (24 %)/6 (2 %)/6 (2 %)
Current/former employment position [laborer/employee/official/self-employed/
supporting family member/no further details/still in education (unpaid)/others]
69 (20 %)/222 (64 %)/14 (4 %)/26 (7 %)/1 (0.3 %)/9 (3 %)/1 (0.3 %)/2 
(0.6 %)/4 (1 %)
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Table 2 Included food groups and explained variance in the explorative dietary patterns
PCA patterns Included food groups Factor loadings Explained variance  
in food intake (%)


















Sausages high-fat (e.g. salami, pork, blood, or liver sausage) 0.45
Sugar 0.44








PCA pattern 3 3.1
Bread whole-grain 0.41
Cheese high-fat (e.g. Gouda, Edam, or Tilsiter cheese, cream cheese) −0.47
Cheese low-fat (e.g. Harz, Limburger, or Mainz cheese, reduced-fat cheese) 0.52
Cottage cheese low-fat (<10 % fat) 0.43
Dairy low-fat (milk, yoghurt, kefir, sour milk ≤1.5 % fat) 0.53
Margarine semi-fat 0.45
RRR patterns Explained variance in response variables (%)















Fruit, herbal tea −0.27
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fasting C-peptide concentrations and insulin resistance. 
Our results are in accordance with previous studies in 
people without diabetes, where dietary patterns charac-
terized by high intake of refined foods, red meat, full-fat 
dairy, sweets, and snacks were adversely associated with 
glucose homeostasis, but not with body composition [29, 
30]. The absence of associations between the PCA die-
tary patterns and serum lipids in our study indicates that 
adverse food choices, as reflected by our PCA pattern 1, 
may be detrimental for glucose homeostasis rather than 
for serum lipid concentrations.
RRR patterns represent a combination of food intakes 
that affects concentrations of the biomarkers chosen 
as response variables rather than foods and beverages 
that are often consumed together, which may impede 
their interpretability [31]. Nonetheless, higher adher-
ence to dietary patterns similar to RRR pattern 1, which 
associated with higher triglyceride and LDL-cholesterol 
levels in our cohort of patients with recent-onset T2D, 
were found to associate with increased CVD risk in the 
Whitehall II, MONICA/KORA, and EPIC study [32–34]. 
Our RRR pattern 2, characterized by high consumption 
frequencies of coffee and boiled potatoes, but few mar-
garine or egg noodles, showed some similarities with 
two previously described ‘traditional’ patterns: A ‘tradi-
tional’ pattern characterized by high intake of potatoes, 
meat, vegetables and legumes, margarine and other 
fats and low intake of pasta, rice, and tea, which associ-
ated with higher triglyceride and LDL-cholesterol levels 
among a random sample of the general population in 
Northern Germany [28]; and a ‘traditional’ pattern char-
acterized by high intake of potatoes, coffee, eggs, vegeta-
bles, and legumes and low intake of sweets and fast food 
was related to higher CVD risk in participants of the 
EPIC-Netherlands cohort [32]. We, in contrast, observed 
beneficial associations with triglycerides and HDL-
cholesterol for the RRR 2 pattern, which may result in 
beneficial cardio-vascular effects. The deviating find-
ings may be attributable to the processed and red meat, 
which contributed to both ‘traditional’ patterns [2]—and 
may have entailed a higher legume and vegetable con-
sumption—but was not part of our dietary pattern. Of 
note, current evidence for the role of red and processed 
meat on CVD risk is inconclusive [35], which might be 
partly due to residual confounding in observational 
studies [36]. Recent findings suggest robust associations 
between processed meats and CVD risk, but small or no 
risk increases for unprocessed red meats [36, 37]. Con-
sumption of red and processed meats were not related 
to mortality [38]. The associations we observed for 
lower consumption frequencies of butter and processed 
high-fat foods (i.e. cream cake, French fries), and high-
percentage alcoholic beverages as part of RRR pattern 3 
with higher HDL-cholesterol levels are in line with pre-
vious observations with respect to the inverse associa-
tion between high-fat foods (i.e. meat, margarine, other 
fats) and processed foods (i.e. fried potatoes, burgers, 
sausages) and HDL-cholesterol [28, 31, 33]. Concerning 
the association between high-percentage alcoholic bev-
erages and HDL-cholesterol, existing results from die-
tary patterns suggested a direct relationship [31, 39, 40] 
rather than an inverse association as seen in our cohort. 
Thus, a possible direct association between alcoholic 
beverages and HDL-cholesterol may be obscured by the 
other foods of RRR pattern 3 in our study.
Of note, only a few studies have examined genetic vari-
ations for ApoA5 in patients with T2D and to the best 
of our knowledge, no study has described interactions 
by ApoA5 and ApoE haplotype with empirically derived 
dietary patterns and serum lipid levels. Thus, our find-
ings of associations between dietary patterns and serum 
lipids being specific for haplotypes extend the current 
literature of studies, which have confirmed haplotype-
specific effects of single nutrients or foods on serum lipid 
levels among ApoA5 and ApoE carriers. In an interven-
tion study with newly diagnosed T2D patients and par-
ticipants with impaired glucose tolerance, carriers of 
the rs662799 minor allele, a marker to define ApoA5*2 
haplotype [41], showed greater increases of triglyceride 
levels with a high carbohydrate diet (65  % energy from 
Table 2 continued
PCA patterns Included food groups Factor loadings Explained variance  
in food intake (%)






High-percentage alcoholic beverages (e.g. schnapps, cognac, whiskey) −0.24
Food groups with absolute factor loadings ≥ 0.4 and ≥ 0.2 for PCA and RRR, respectively, were considered as contributing to a dietary pattern
PCA principal component analysis; RRR reduced rank regression
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Fig. 2 Associations of reduced rank regression dietary patterns with serum concentrations of triglycerides, HDL-cholesterol, and LDL-cholesterol. 
Values are least-squares means with their 95 % CI. P-values for a linear trend based on multiple regression models with dietary pattern scores as 
continuous variables. Associations of dietary patterns with serum levels of a triglycerides, b HDL-cholesterol, and c LDL-cholesterol. Triglycerides 
were log-transformed prior to analysis to improve normality and back transformed for presentation in the figure. *P-values still significant when 
considering multiple testing and applying Bonferroni correction for m = 3 dependent variables to be analyzed, i.e. triglycerides, HDL-, and LDL-
cholesterol (significance level P < 0.05/3 ≙ P < 0.017). a, b Adjusted for age, sex, diabetes duration, glucose- and lipid-lowering medication, current 
employment status, highest school-leaving qualification, and current/former employment position. c Adjusted for age, sex, glucose- and lipid-
lowering medication, current employment status, highest school-leaving qualification, and current/former employment position. RRR reduced rank 
regression; T tertile


























































Fig. 3 Interactions between haplotypes of ApoA5 and ApoE for associations with reduced rank regression dietary patterns. Values are least-square 
means with their 95 % CI. P-values for a linear trend based on multiple regression models with dietary pattern scores as continuous variables. 
Interaction of (a) RRR 1 pattern and ApoA5 haplotypes on serum lipid concentrations of triglycerides and of (b) RRR 3 pattern and ApoE haplotypes 
on serum lipid concentrations of LDL-cholesterol. Triglycerides were log-transformed prior to analysis to improve normality and back transformed 
for presentation in the figure. *P-values still significant when considering multiple testing and applying Bonferroni correction for m = 3 haplotypes, 
i.e. ApoA5*1, ApoA5*2, ApoA5*3 and ApoE2, ApoE3, ApoE4 (significance level P < 0.05/3 ≙ P < 0.017). a Adjusted for age, sex, diabetes duration, glu-
cose- and lipid-lowering medication, current employment status, highest school-leaving qualification, and current/former employment position. b 
Adjusted for age, sex, glucose- and lipid-lowering medication, current employment status, highest school-leaving qualification, and current/former 
employment position. Apo apolipoprotein; Int interaction; RRR reduced rank regression; T tertile
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carbohydrates) rich in refined grains compared to major 
allele carriers [42]. This finding is in line with our obser-
vation of an association between RRR 1 pattern and tri-
glycerides among ApoA5*2 carriers. Dietary fat intake 
has also been reported to modify the effect of ApoA5 on 
serum triglyceride concentrations among young indi-
viduals without diabetes [43, 44]. However, in our study 
among patients with T2D, associations between triglyc-
eride levels and RRR 3 pattern (low consumption fre-
quencies of butter and processed high-fat foods) did not 
differ by ApoA5 haplotype. Lowest LDL-cholesterol lev-
els were observed for ApoE2 compared to other ApoE 
haplotypes [10], which was still present after a four-week 
diet rich in saturated or mono-unsaturated fatty acids in 
young healthy individuals [45]. Our results extend these 
findings as we additionally observed lower LDL-choles-
terol concentrations with a closer adherence to a RRR 
pattern 3 among ApoE2 carriers.
ApoE facilitates the transport and distribution of cho-
lesterol [6], whereas ApoA5 plays an important role in 
plasma triglyceride homeostasis, probably by activating 
lipoprotein lipase induced hydrolysis of triglycerides [7, 
46, 47]. The proposed mechanisms for the occurrence of 
lower LDL-cholesterol concentrations among ApoE2 and 
higher triglyceride levels among ApoA5*2 carriers com-
pared to the respective other Apo variants are as follows: 
changes in the nucleotide bases result in alterations of 
the amino acid sequence, which influence functionality of 
the Apo protein [47, 48]. Concerning ApoA5*2, a reduced 
protein activity may result in elevated triglyceride levels 
[47]. ApoE2 might be characterized by lower intestinal 
cholesterol absorption and weaker LDL-receptor binding 
compared to ApoE3 and ApoE4. The reduced LDL-recep-
tor affinity triggers an up-regulation of the LDL-recep-
tor, which in combination results in an increased LDL 
removal in ApoE2 carriers [48]. Dietary factors may fur-
ther amplify these mechanisms [48].
Strengths and limitations
Strengths of our study are the in-depth metabolic phe-
notyping of each patient. Also, as dietary patterns con-
sider interactive and synergistic effects between nutrients 
and foods, findings from interactions between dietary 
patterns and serum lipids by haplotypes might provide 
insights beyond those of single foods or nutrients [49]. 
Limitations of our study are, first, the probability of selec-
tion bias due to the higher interest of health-conscious 
people in clinical studies, which is reflected by good glu-
cometabolic control. Second, although food frequency 
questionnaires or FPQs are widely used to assess diet-
disease associations in cohort studies, this dietary assess-
ment method suffers from considerable limitations in 
estimating dietary intake (e.g. reporting bias such as 
underreporting) [50, 51]. Also, assessment of dietary 
intake in the present study only covered consumption 
frequencies and no portion sizes. However, it was pre-
viously shown that variance in food intake is mainly 
explained by consumption frequencies rather than por-
tion sizes [52]. Third, dietary patterns might be part of 
specific lifestyles [49]. However, due to incomplete data 
on further lifestyle factors (e.g. physical activity, smok-
ing), associations could not be adjusted for these poten-
tial confounders. General limitations of pattern analyses, 
i.e. subjective decisions on the choice of the number of 
factors extracted, the approach of rotation, and pre-
grouping of the food items [49], also need to be consid-
ered. By calculating patterns according to the simplified 
approach [19], we tried to reduce population dependency 
and to increase reproducibility in different populations 
[18].
Conclusion
In conclusion, in patients with recently diagnosed T2D, 
using RRR analysis, we identified dietary patterns, which 
are independently associated with serum lipid levels and 
modified by ApoA5 and ApoE haplotype. Our explora-
tive data analyses suggest that a closer adherence to a 
dietary pattern characterized by frequent consumption 
of fruit gum, fruit juice, and potato dumpling and lower 
frequencies of fruits and vegetables associated with 
higher triglyceride levels mainly among ApoA5*2 car-
riers, while lower consumption frequencies of butter, 
cream cake, French fries, or high-percentage alcoholic 
beverages related to lower LDL-cholesterol levels among 
ApoE2 carriers. Thus, despite glucose- and lipid-lowering 
therapies and the higher awareness of the importance of 
nutrition in patients with recently diagnosed T2D, a gen-
otype-specific association between dietary patterns and 
serum lipid concentrations seem to persist.
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